Objective. Overexpression of the antiapoptotic protein myeloid cell leukemia 1 (Mcl-1) in rheumatoid arthritis (RA) synovial fibroblasts is a major cause of their resistance to tumor necrosis factor ␣ (TNF␣)-induced apoptosis. This study was undertaken to evaluate the efficacy of epigallocatechin-3-gallate (EGCG) in down-regulating Mcl-1 expression and its mechanism of RA synovial fibroblast sensitization to TNF␣-induced apoptosis.
minant of sensitivity and resistance to apoptosis (2) . Cells expressing high levels of Mcl-1 are found to be resistant to a newly developed Bcl-2/Bcl-x L /Bcl-w inhibitor, suggesting the pivotal role of Mcl-1 in suppressing apoptosis (3) . This notion was further authenticated by several studies in which knockdown of Mcl-1 dramatically increased drug sensitivity of several tumor cell lines (2) .
RA is an inflammatory disorder characterized by hyperplasia of the synovial joint lining, which invades and degrades cartilage and underlying bone, ultimately resulting in joint destruction (4) . Studies of the mechanisms of RA pathogenesis have established an essential role for RA synovial fibroblasts in arthritis initiation and progression (5) . Although the exact molecular mechanisms regulating synovial hyperplasia are presently unclear, accumulating evidence suggests that RA synovial fibroblasts are resistant to both tumor necrosis factor ␣ (TNF␣)-and Fas-mediated apoptosis (6) . Recent observations at the cellular level have implicated aberrant expression of Mcl-1 in the resistance of RA synovial fibroblasts to TNF␣-and Fas-mediated apoptosis (7, 8) . Furthermore, constitutive activation of survival protein Akt and transcription factor NF-B in RA synovial fibroblasts suggests the importance of these molecules in RA synovial fibroblast hyperproliferation and invasion into underlying tissue (9, 10) . Thus, the purposeful induction of apoptosis in RA synovial fibroblasts, either through suppression of these signaling pathways or through inhibition of Mcl-1 expression, is emerging as a therapeutic strategy for halting deleterious tissue growth (6, 11) .
Epigallocatechin-3-gallate (EGCG) is a potent antioxidant, antiinflammatory, and antioncogenic compound derived from green tea (12) . We and others have shown that EGCG is capable of inducing apoptosis in a variety of cancers both in vitro and in vivo (13, 14) . However, the use of EGCG in combination with other therapeutic agents in order to enhance the sensitivity or efficacy of the therapy is gaining attention and could serve as an impetus for such mechanisms (2, 12) . Recent studies have shown that EGCG sensitizes carcinoma cells to trastuzumab and TRAIL-induced apoptosis (14, 15) . Recently, we found that EGCG blocked interleukin-1␤ (IL-1␤)-induced chemokine production and matrix metalloproteinase 2 (MMP-2) activation in RA synovial fibroblasts (16) . In this study, we evaluated whether EGCG inhibits the uncontrolled growth of RA synovial fibroblasts by inducing apoptosis.
MATERIALS AND METHODS
Antibodies and reagents. EGCG, rabbit anti-␤-actin, and the colorimetric caspase 3 activity assay kits were purchased from Sigma-Aldrich (St. Louis, MO). Recombinant human TNF␣ was from R&D Systems (Minneapolis, MN). Rabbit polyclonal antibodies against poly(ADP-ribose) polymerase (PARP), Bcl-2, phospho-Akt, and anti-rabbit and anti-mouse horseradish peroxidase-linked secondary antibodies were purchased from Cell Signaling Technology (Beverly, MA). Rabbit polyclonal antibody against NF-Bp65 and Mcl-1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The signaling inhibitors of NF-B (pyrrolidine dithiocarbamate [PDTC]), Akt (LY294002), proteasomal degradation (MG132), and caspase 3 were purchased from Calbiochem (La Jolla, CA).
Cell cultures. Fibroblasts were isolated from synovium obtained from de-identified samples of patients with RA or OA who had undergone total joint replacement surgery or synovectomy and fulfilled the American College of Rheumatology (formerly, the American Rheumatism Association) criteria (17) . Synovium was obtained according to Institutional Review Board (IRB)-approved protocols, in compliance with the Declaration of Helsinki. Normal synovial tissues were obtained fresh at the time of autopsy or amputation, according to an IRB-approved protocol. Fresh synovial tissues were minced and digested in a solution of Dispase, collagenase, and DNase (16) . RA synovial fibroblasts were grown in RPMI 1640 containing 2 mM L-glutamine with 10% fetal bovine serum (FBS), at 37°C, in a humidified atmosphere with 5% CO 2. Cells were used between passages 5 and 9.
Preparation of EGCG solution. A stock solution of EGCG (10 mM) was prepared in water, sterile filtered with 0.2-m syringe filters, and stored at Ϫ20°C in aliquots. Fresh EGCG solution was used in each experiment and added directly to the culture medium.
Cell survival assays. For cell survival assays, confluent RA synovial fibroblasts in 6-or 96-well plates were cultured for up to 72 hours in RPMI 1640-1% FBS, containing 0, 10, or 50 M EGCG and/or 20 ng/ml TNF␣. For morphologic studies, RA synovial fibroblasts were fixed in 1% glutaraldehyde in RPMI 1640, stained with hematoxylin and eosin, and evaluated microscopically. In survival assays, cell numbers were evaluated using a CyQuant cell enumeration kit (Invitrogen, Carlsbad, CA), with fluorescence measured at 485/528 nm excitation/emission wavelengths. Background from CyQuanttreated wells without cells was subtracted from all values. To evaluate EGCG effects on RA synovial fibroblast growth, RA synovial fibroblasts (1.5 ϫ 10
3 ) were plated into 96-well plates in RPMI 1640-1% FBS and were allowed to attach for 16 hours. Medium was replaced with fresh media containing 0-50 M EGCG, and cell proliferation was measured daily, for up to 72 hours, with CyQuant. In another set of experiments, the effect of the Akt inhibitor LY294002 (20 M; Calbiochem) or the NF-B inhibitor PDTC (100 M; Sigma) on RA synovial fibroblast growth was evaluated (18) .
Western immunoblotting. To study the effect of EGCG on antiapoptotic and survival proteins, RA synovial fibroblasts were incubated with 50 M EGCG alone, with TNF␣ alone, or with a combination of EGCG and TNF␣ for up to 72 hours, in RPMI 1640-1% FBS. Cells were lysed in lysis buffer (100 mM Tris [pH 7.4], 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM NaP 2 O 4 , 2 mM Na 3 VO 4 , 1% Triton X-100, 10% glycerol, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholate, and 1 mM phenylmethylsulfonyl fluoride), and protease inhibitors (1 tablet/10 ml; Roche Diagnostics, Indianapolis, IN), and protein was measured using BCA protein assay kits (Pierce, Rockford, IL). Equal amounts of protein (20 g ) were separated by SDSpolyacrylamide gel electrophoresis (PAGE) and transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA). Blots were probed with rabbit polyclonal antibodies for the specific protein of interest, followed by incubation with the appropriate horseradish peroxidase-conjugated secondary antibody. Immunoreactive protein bands were visualized by enhanced chemiluminescence, and were densitometrically analyzed using Un-Scan-It software (version 5.1; Silk Scientific, Orem, UT). Blots were stripped and reprobed for ␤-actin to ensure equal protein loading. Data were statistically analyzed using GraphPad Prism software (San Diego, CA).
To study the mechanism of EGCG-mediated inhibition of Mcl-1 protein expression, RA synovial fibroblasts were pretreated with the proteasome inhibitor MG132 (5-20 M) or caspase 3 inhibitor (10 M) for 30 minutes, followed by EGCG (50 M) treatment for 24 hours. DMSO (4 l) was used as a vehicle control for MG132. Cells were lysed in lysis buffer and processed for evaluating Mcl-1 expression by Western blotting as described above.
Caspase 3 activity assay. RA synovial fibroblasts were treated with EGCG (50 M) and/or TNF␣ (20 ng/ml) for 24 hours in RPMI 1640-1% FBS. Cells were washed in ice-cold phosphate buffered saline (PBS), lysed with buffer (50 mM HEPES [pH 7.4], 5 mM CHAPS, and 5 mM dithiothreitol), and centrifuged to collect supernatant in fresh tubes. Protein content of the cell lysates was measured with the BCA assay. Caspase 3 activity in cell lysates was determined using a colorimetric caspase 3 activity assay kit (Sigma-Aldrich). Similar studies were performed using Akt and NF-B inhibitors alone or in combination with TNF␣ to evaluate the roles of these signaling pathways in the regulation of caspase 3 activity in RA synovial fibroblasts.
Preparation of nuclear extracts and NF-Bp65 DNA binding activity. To study the effect of EGCG on TNF␣-induced NF-B activation, confluent RA synovial fibroblasts that had been cultured in 60-mm dishes were treated with EGCG (50 M) and/or TNF␣ (20 ng/ml) for 30 minutes and 24 hours in RPMI 1640-1% FBS. Upon termination, cells were washed with ice-cold PBS, collected by scraping, and centrifuged at 1,500g for 5 minutes at 4°C. Nuclear and cytoplasmic fractions from different treatment groups were prepared as previously described (16) . An equal amount of protein (15 g) from nuclear and cytoplasmic fractions was evaluated by Western blotting in order to study the level of NF-Bp65 expression. The nuclear extracts (2 g in each sample) from 30 minutes of stimulation with EGCG and/or TNF␣ were used to determine NF-B DNA binding activity using commercially available DNA binding enzyme-linked immunosorbent assay kits (Active Motif, Carlsbad, CA).
Immunocytochemistry. To verify that the presence of EGCG sensitizes RA synovial fibroblasts to TNF␣-induced apoptosis and not necrosis, we performed immunocytochemistry on these cells using monoclonal antibody against singlestranded DNA (MAb F7-26; Millipore, Billerica, MA). Briefly, confluent RA synovial fibroblasts (1 ϫ 10 4 /well) in 8-well Labtek chamber slides (BD Falcon, Bedford, MA) were treated with EGCG (50 M) alone, TNF␣ (20 ng/ml) alone, or a combination of EGCG and TNF␣, or were left untreated, for 24 hours in RPMI 1640 plus 1% FBS. Upon termination, the cells were washed with PBS and fixed with 4% formalin overnight at 4°C. The next day, cells were washed again with PBS followed by incubation with 3% H 2 O 2 for 5 minutes at room temperature to quench endogenous peroxidase. After blocking with 3% nonfat dry milk for 15 minutes at room temperature, slides were probed with mouse anti-human F7-26 (1 g/ml) or purified nonspecific mouse IgM for 15 minutes at room temperature in 1% nonfat dry milk, followed by PBS washes and incubation with biotinylated goat anti-mouse antibody (10 g/ml) for 20 minutes at 37°C. After washing, antibody binding was detected using a Vectastain Elite ABC kit (Vector, Burlingame, CA) and the chromogen 3,3Ј-diaminobenzidine (Vector). The slides were counterstained with Gill's hematoxylin and then dehydrated, mounted, and coverslipped, and representative photomicrographs were obtained at 40ϫ magnification using an Olympus FV-500 microscope (Olympus America, Melville, NY).
Statistical analysis. Student's t-tests were performed to calculate statistical differences between the means of the different variables. P values less than 0.05 (2-tailed) were considered significant. Figure 1C ). We analyzed the same samples for Bcl-2 expression using Western blotting and found that EGCG required more time (ϳ48 hours) to down-regulate the constitutive or TNF␣-induced expression of Bcl-2 ( Figure 1C ).
RESULTS

EGCG preferentially down-regulates
We next determined the Mcl-1 specificity of EGCG in synovial fibroblasts obtained from patients with RA, patients with osteoarthritis (OA), or normal subjects, or using human dermal microvascular endothelial cells (HMVECs). These cells were incubated with EGCG (50 M) alone, with TNF␣ (20 ng/ml) alone, or with a combination of EGCG and TNF␣ for 24 hours. Western blot analysis of these samples showed that EGCG had a moderate effect on Mcl-1 expression levels in normal synovial fibroblasts or HMVECs ( Figure 1D ). However, Mcl-1 expression in RA and OA synovial fibroblasts was almost completely inhibited by EGCG incubation, suggesting its inhibitory role in disease conditions.
Densitometric analysis of these blots obtained from 3 or more experiments performed using synovial fibroblasts from different donors showed that Mcl-1 expression was slightly higher in OA and RA synovial fibroblasts as compared with normal synovial fibroblasts, that TNF␣ induced Mcl-1 expression in normal synovial fibroblasts by almost 15% of the basal levels, and that EGCG, alone and in combination with TNF␣, inhibited Mcl-1 expression in normal, OA, and RA synovial fibroblasts by ϳ60-70%, ϳ84-86%, and ϳ93-99%, respectively. These findings suggest that evaluating the effect of EGCG at lower concentrations on Mcl-1 expression may further clarify the differential effect on normal, OA, and RA synovial fibroblasts.
Role of Akt and NF-B in EGCG-mediated inhibition of RA synovial fibroblast growth in vitro. Inhibition of either Akt or NF-B holds promise in regulating abnormal RA synovial fibroblast growth (10, 19) . We studied the effects of Akt and NF-B inhibitors (LY294002 and PDTC, respectively) on Mcl-1 expres- sion using concentrations used in prior studies (18) . As shown in Figure 2A , TNF␣ increased constitutive Mcl-1 expression by ϳ25%. Interestingly, blockade of the Akt pathway using LY294002 (20 M) caused an ϳ37% and ϳ53% decrease in constitutive Mcl-1 expression and in TNF␣-induced Mcl-1 expression in RA synovial fibroblasts, respectively (P Ͻ 0.05 versus treatment with TNF␣ alone). Similarly, blockade of the NF-B pathway using PDTC (100 M) caused ϳ51% and 69% inhibition of constitutive Mcl-1 expression and of TNF␣-induced Mcl-1 expression, respectively (P Ͻ 0.05 versus treatment with TNF␣ alone). Further analysis of the effects of these pharmacologic inhibitors on RA synovial fibroblast growth showed a significant time-dependent decrease in cell numbers upon NF-B or Akt inhibition ( Figure 2B) .
To study the early and prolonged effect of EGCG on these signaling pathways, we treated RA synovial fibroblasts with EGCG (50 M) and/or TNF␣ for 30 minutes or 24 hours. The phosphorylation of Akt was studied in total cell lysates, while nuclear and cytoplasmic fractions were prepared to study the nuclear translocation of NF-Bp65 in RA synovial fibroblasts ( Figures 2C and D) . EGCG was capable of suppressing phosphorylation of Akt by 24 hours, but not at 30 minutes ( Figure 2C ). However, EGCG was effective in inhibiting constitutive and TNF␣-induced nuclear translocation of NF-Bp65 both at 30 minutes and 24 hours ( Figure 2C ), suggesting its efficacy in suppressing NF-B-regulated genes.
Since EGCG was capable of inhibiting nuclear translocation of NF-Bp65 at both time points studied, we tested whether EGCG also inhibits NF-Bp65 DNA binding activity in these cells. Using the nuclear extracts obtained from similar treatment for 30 minutes, we observed that TNF␣ increased NF-Bp65 DNA binding activity by ϳ35-fold as compared with untreated samples (P Ͻ 0.05) ( Figure 2D) . Interestingly, the presence of EGCG (50 M) significantly inhibited the TNF␣-induced NF-Bp65 DNA binding activity, by Ͼ50% when compared with samples treated with TNF␣ alone (P Ͻ 0.05), providing direct evidence of the ability of EGCG to inhibit the NF-B pathway by reducing the pool of NF-Bp65 translocating to the nucleus and concomitantly inhibiting its DNA binding activity in RA synovial fibroblasts.
Mcl-1 abrogation by EGCG enhances RA synovial fibroblast caspase 3 activity. We studied the mechanism by which EGCG inhibits Mcl-1 expression in RA synovial fibroblasts. EGCG (50 M) almost completely inhibited the expression of Mcl-1 in RA synovial fibroblasts (P Ͻ 0.05 versus unstimulated fibroblasts) ( Figure  3A) . Interestingly, preincubation with the proteasome inhibitor (MG132) at varying concentrations completely blocked the ability of EGCG to inhibit Mcl-1 expression, implicating the role of EGCG in degrading Mcl-1 protein in RA synovial fibroblasts to make them susceptible to apoptosis (P Ͻ 0.05 for unstimulated fibroblasts versus fibroblasts treated with EGCG, and for fibroblasts treated with EGCG versus fibroblasts treated with 10 5 /well) were incubated with EGCG (50 M) alone, TNF␣ (20 ng/ml) alone, or a combination of EGCG and TNF␣ for 24 hours in RPMI 1640 plus 1% fetal bovine serum. Cells were lysed in lysis buffer, and 10 l of lysate was used to estimate caspase 3 activity using commercially available colorimetric assay kits. Results were normalized to protein content in each sample. D, RA synovial fibroblasts were treated with pyrrolidine dithiocarbamate (PDTC; 100 M) alone, LY294002 (LY; 20 M) alone, or with a combination of TNF␣ (20 ng/ml) and PDTC or LY294002 for 24 hours. Cells were lysed with lysis buffer and used to estimate caspase 3 activity. Bars show the mean and SEM from 3 or 4 independent experiments using cells from different donors under similar conditions. ‫ء‬ ϭ P Ͻ 0.05. OD ϭ optical density (see Figure 1 for other definitions).
EGCG plus MG132) ( Figure 3A) . However, preincubation of RA synovial fibroblasts with a caspase 3 inhibitor (10 M) failed to reverse ECGG-inhibited Mcl-1 expression, suggesting that abrogation of Mcl-1 protein by EGCG is an upstream event that leads to the activation of caspase 3 ( Figure 3B) .
Further experiments showed that EGCG (50 M) significantly induced caspase 3 activity, by 18-fold, in RA synovial fibroblasts as compared with the activity in unstimulated cells (P Ͻ 0.05) ( Figure 3C ). TNF␣ (20 ng/ml) alone caused no modulation of caspase 3 activity in RA synovial fibroblasts. Interestingly, the combination of EGCG and TNF␣ further enhanced caspase 3 activation by ϳ25% more than that induced by EGCG alone, suggesting a possible increase in the susceptibility of RA synovial fibroblasts to TNF␣ in the presence of EGCG ( Figure 3C) .
To study the possible role of the Akt and NF-B pathways in regulating TNF␣-induced caspase 3 activity, RA synovial fibroblasts were incubated with the Akt inhibitor (LY294002) alone, the NF-B inhibitor (PDTC) alone, or a combination of TNF␣ and each inhibitor for 24 hours. The samples were analyzed for levels of caspase 3 activity ( Figure 3D ). The results showed that TNF␣, PDTC, or LY294002 alone had no significant effect on caspase 3 activation in RA synovial fibroblasts after 24 hours of treatment ( Figure 3D ). However, coincubation of PDTC and TNF␣ enhanced caspase 3 activity by ϳ1.9-fold compared with PDTC alone (P Ͻ 0.05), whereas LY294002 and TNF␣ in combination enhanced caspase 3 activity by ϳ2.6 fold compared with LY294002 alone (P Ͻ 0.05). These results provide evidence that EGCG sensitizes RA synovial fibroblasts to TNF␣-induced apoptosis, possibly by blocking these signaling pathways. These results are consistent with the results of previous studies showing Akt and NF-B involvement in RA synovial fibroblast proliferation and suggest that EGCG-mediated Mcl-1 suppression via the blockade of either or both of these pathways may be the mechanism by which apoptosis is induced (10, 19) .
EGCG sensitization of RA synovial fibroblasts to TNF␣-induced apoptosis. Therapeutic strategies aimed at inducing apoptosis in RA synovial fibroblasts are an emerging option for controlling their expansion into the adjacent tissues in RA joints (4, 5) . To study whether RA synovial fibroblasts that are stimulated with TNF␣ in the presence of EGCG (50 M) indeed undergo apoptosis, we incubated these cells with EGCG (50 M) alone, TNF␣ (20 ng/ml) alone, or a combination of EGCG and TNF␣ for 24, 48, and 72 hours. Western blot analysis of cell lysates from the treated RA synovial fibroblasts showed extremely low levels of constitutively cleaved PARP ( Figure 4A ). EGCG (50 M), however, significantly induced PARP cleavage by 4-fold in RA synovial fibroblasts within 24 hours of incubation (P Ͻ 0.05), and these levels remained elevated up to 72 hours.
Interestingly, although TNF␣ alone did not induce PARP cleavage in RA synovial fibroblasts at any time point studied, the combination of TNF␣ and EGCG resulted in significantly enhanced PARP cleavage, by ϳ9-fold, within 24 hours of incubation compared with treatment with TNF␣ alone (P Ͻ 0.05) ( Figure 4B ). To confirm this phenomenon, similarly treated RA synovial fibroblasts were stained with monoclonal antibody for single-stranded DNA (F7-26) ( Figure 4C ). The results of the cell immunostaining confirmed the previous observation that PARP cleavage was enhanced in fibroblasts treated with both EGCG and TNF␣, as evident from markedly enhanced F7-26 nuclear staining ( Figure 4C) . Furthermore, to test whether synergistic induction of PARP cleavage by EGCG was TNF␣ specific, we performed similar experiments using IL-1␤ and a combination of EGCG plus IL-1␤. Western blot analysis of PARP cleavage showed that IL-1␤ in combination with EGCG (50 M) did not enhance PARP cleavage as compared with EGCG alone, thus implicating the relative specificity of EGCG Figure 5 . Synergistic effect of EGCG and TNF␣ in inducing RA synovial fibroblast cytotoxicity. A, RA synovial fibroblasts were incubated with EGCG (10 and 50 M) alone or with a combination of EGCG and TNF␣ (20 ng/ml) for 72 hours in RPMI 1640 plus 1% fetal bovine serum (FBS). Fibroblasts were stained with hematoxylin and eosin, and photomicrographs were obtained. Results are representative of experiments conducted using RA synovial fibroblasts from 3 different donors (original magnification ϫ 200) . B, Cell survival was determined using quantitative cell enumeration assays in RA synovial fibroblasts treated with EGCG (10 and 50 M) alone, TNF␣ (20 ng/ml) alone, or a combination of EGCG and TNF␣ for 72 hours in RPMI 1640 plus 1% FBS. Bars show the mean and SEM from 3 independent experiments using RA synovial fibroblasts from 3 different donors, conducted in 4 wells per condition in each experiment. See Figure 1 for other definitions.
for TNF␣ sensitization of RA synovial fibroblasts (Figure 4D) .
EGCG enhances TNF␣-induced RA synovial fibroblast cytotoxicity. To study the effect of EGCG and TNF␣ on RA synovial fibroblast viability, we treated confluent RA synovial fibroblasts with EGCG (10 and 50 M) alone and in combination with TNF␣ (20 ng/ml) for up to 72 hours. After glutaraldehyde fixation, morphology was determined by hematoxylin and eosin staining of RA synovial fibroblasts, and photomicrographs were obtained. As shown in Figure 5A , EGCG (10 M) was nontoxic to RA synovial fibroblasts when given alone or in combination with TNF␣. However, moderate morphologic changes and apoptosis were visible at 50 M EGCG. TNF␣ treatment alone for up to 72 hours was nontoxic to RA synovial fibroblasts. In the presence of EGCG, however, TNF␣-induced apoptosis-like changes were accelerated and enhanced in RA synovial fibroblasts ( Figure 5A ).
In quantitative cell survival assays ( Figure 5B ), EGCG at 10 M showed no synergistic effect on cytotoxicity with TNF␣ treatment. However, EGCG at 50 M caused a significant reduction in the RA synovial fibroblast population, resulting in Ͼ40% of cells being killed by 72 hours (P Ͻ 0.05). Interestingly, TNF␣ treatment alone resulted in a modest yet significant increase of 13% in the RA synovial fibroblast population after 72 hours, as compared with unstimulated cells. When incubated with EGCG (50 M) and TNF␣ (20 ng/ml), cell survival was reduced to ϳ25% by 72 hours (P Ͻ 0.05) ( Figure 5B ).
DISCUSSION
The present study provides novel insights into the mechanism of Mcl-1 abrogation through which EGCG sensitizes RA synovial fibroblasts to TNF␣-induced apoptosis. A schematic representation of this mechanism is presented in Figure 6 . Interestingly, EGCG-mediated blockade of Mcl-1 expression was observed in RA and OA synovial fibroblasts, but was moderate or absent in normal synovial fibroblasts and HMVECs. This finding is important, especially given the present state of RA therapies, in which treatment options do not always halt the joint destruction in RA, and adjunct therapy is needed to overcome drug resistance.
The Bcl-2 family of proteins, which includes antiapoptotic members (e.g., Mcl-1, Bcl-2, and Bcl-x L ), plays a critical role in regulating apoptosis induced by a wide variety of stimuli (20, 21) . Mcl-1 is a caspasesensitive antiapoptotic Bcl-2 family member that has been shown to act independently of Bcl-2 and Bcl-x L (22) . This notion is supported by studies showing that induction of apoptosis by ultraviolet irradiation or adenoviral infection requires proteasomal degradation of Mcl-1, but not Bcl-2 or Bcl-x L , and that specific cleavage of Mcl-1, but not Bcl-2 or Bcl-x L , by caspase 3 is essential for spontaneous apoptosis (23) . RA synovial fibroblasts constitutively express high levels of Mcl-1, which is further induced by cytokines such as TNF␣, IL-6, or IL-1␤ (24) . This suggests that Mcl-1 overexpression in RA synovial fibroblasts may contribute to apoptosis resistance, thereby enhancing the participation of RA synovial fibroblasts in RA pathogenesis.
In our study, RA synovial fibroblasts constitutively expressed Mcl-1, and its level was further elevated upon TNF␣ activation. Importantly, the inhibitory effect of EGCG on constitutive Mcl-1 expression and TNF␣-induced Mcl-1 expression in RA synovial fibroblasts was Figure 6 . Schematic representation of the mechanism of EGCG sensitization of RA synovial fibroblasts to TNF␣-induced apoptosis. The findings of the present study suggested the down-regulation of Mcl-1 by EGCG as a key mechanism in RA synovial fibroblast sensitization to TNF␣-induced apoptosis, which was mediated via inhibition of Akt and NF-B activation. PARP ϭ poly(ADP-ribose) polymerase (see Figure 1 for other definitions). much higher when compared with Bcl-2 expression. EGCG induced apoptosis in leukemia cells by inhibiting down-regulation of Mcl-1 and X-linked inhibitor of apoptosis proteins (25) . Our results further strengthen the hypothesis that EGCG induces apoptosis via proteasomal degradation of Mcl-1, resulting in the activation of caspase 3 activity to break down RA synovial fibroblast resistance to TNF␣-induced apoptosis. This notion is further supported by recent studies showing that inhibition of Mcl-1 resulted in increased efficacy of ABT-737, a drug designed to specifically target the Bcl-2 member of the antiapoptotic family, in inducing apoptosis in cancer cells (26) .
Caspases are crucial mediators of apoptosis and catalyze the cleavage of key structural proteins and important signaling, homeostatic, and repair enzymes (27) . Among these, caspase 3 is a main downstream activator of death proteases. PARP is an intracellular enzyme that is essential for DNA repair and replication, and is a prime target of caspase 3 (28) . Cleavage of PARP results in the subsequent DNA fragmentation that is characteristic of apoptosis (29, 30) . In the present study, incubation of RA synovial fibroblasts with EGCG induced caspase 3 activity, which was synergistically elevated by costimulation of these cells with TNF␣. Furthermore, we observed a similar synergistic effect of EGCG and TNF␣ on activation of PARP cleavage and enhanced nuclear staining for fragmented DNA, resulting in the induction of apoptosis in an accelerated manner. We and others have shown that EGCG induces apoptosis in cancer cells, and that this apoptosis is mediated via activation of caspases and PARP-mediated DNA fragmentation (12, 13, 31) . Given that RA synovial fibroblasts are known to be resistant to TNF␣-induced apoptosis, the salient finding of this study is that EGCG reverses this insensitivity and renders RA synovial fibroblasts susceptible to TNF␣-induced apoptosis. Several studies of the pathologic role of RA synovial fibroblasts suggest induction of apoptosis as a promising and effective therapeutic strategy in regulating unwanted synovial pannus growth in RA (5, 11, 32) .
Synovial hyperplasia is a hallmark of RA, which is at least in part mediated by an important survival protein, Akt, and a transcription factor, NF-B (9, 10, 19) . Akt is a serine/threonine protein kinase regulated by phosphatidylinositol 3,4,5-trisphosphate and has been implicated in signaling of survival in a wide variety of cells, including RA synovial fibroblasts (33) . NF-B is a transcription factor composed of dimers of the NF-B/ Rel family of proteins (34) . Constitutive activation of Akt and NF-B in RA synovial fibroblasts, but not OA or normal synovial fibroblasts (10), suggests their role in RA synovial fibroblast survival and proliferation. Additionally, EGCG has been shown to be an effective inhibitor of phosphatidylinositol 3-kinase/Akt and NF-B pathways in neoplastic cells (12) .
At the molecular level, TNF␣ up-regulated both phosphorylation of Akt and nuclear translocation of NF-Bp65 in RA synovial fibroblasts within 30 minutes to 24 hours of stimulation in the present study. EGCG markedly inhibited the accumulation of p-Akt and the nuclear translocation of NF-Bp65 in TNF␣-stimulated RA synovial fibroblasts. Additionally, the presence of EGCG also markedly suppressed TNF␣-induced NFBp65 DNA binding activity in RA synovial fibroblasts. Importantly, pharmacologic inhibitors of both Akt and NF-B, while having no significant effect by themselves, synergistically increased caspase 3 activation in the presence of TNF␣ in RA synovial fibroblasts within 24 hours, to levels ϳ3-fold greater than constitutive activity. Taken together, our findings and the results of previous studies support the notion that EGCGmediated down-regulation of uncontrolled growth and induction of apoptosis in RA synovial fibroblasts is, at least in part, achieved by the inhibition of Akt and NF-B signaling pathways.
TNF␣-targeted therapeutic approaches have demonstrated promising potential for treating RA (35) . However, even in patients with a good response to TNF␣ therapy, the synthesis of TNF␣ is not completely abrogated (36) . This suggests that future optimization of anti-TNF␣ therapies will require the use of complementary approaches to achieve the desired efficacy in halting joint destruction in RA. We have previously shown that EGCG is a potent inhibitor of cytokine-induced chondrocyte MMP-1 and MMP-13 activation, and RA synovial fibroblast chemokine production and MMP-2 activation (16, 37) . Recently, we found that EGCG possesses the ability to inhibit IL-6 synthesis in human RA synovial fibroblasts and rat adjuvant-induced arthritis (38) . This finding suggests that EGCG, besides inducing apoptosis, can down-regulate the possible inflammatory or reactive proteins produced by IL-6 in RA to suppress local or systemic inflammation and joint destruction. The cooperation of ECGC in TNF␣-induced RA synovial fibroblast apoptosis suggests that EGCG holds potential for use as an adjunct or combination option with anti-TNF␣ therapies to inhibit synovial hyperproliferation in the RA joint. Additionally, EGCG appears to have an acceptable safety profile in humans, and plasma levels at the micromolar concentration are achievable and could be maintained by oral consumption (39) .
In summary, the present study provides evidence that EGCG efficiently induces apoptosis and concomitantly enhances the susceptibility of RA synovial fibroblasts to TNF␣-induced apoptosis. Taken together, these findings suggest that EGCG could be the basis of an efficacious adjunct therapy for preventing or treating RA.
